Abstract. The EU CANDIDOZ project investigated the chemical and dynamical influences on decadal ozone trends focusing on the Northern Hemisphere. High quality longterm ozone data sets, satellite-based as well as ground-based, and the long-term meteorological reanalyses from ECMWF and NCEP are used together with advanced multiple regression models and atmospheric models to assess the relative roles of chemistry and transport in stratospheric ozone changes. This overall synthesis of the individual analyses in CANDIDOZ shows clearly one common feature in the NH mid latitudes and in the Arctic: an almost monotonic negative trend from the late 1970s to the mid 1990s followed by an increase. In most trend studies, the Equivalent Effective Stratospheric Chlorine (EESC) which peaked in 1997 as a consequence of the Montreal Protocol was observed to describe
ozone loss better than a simple linear trend. Furthermore, all individual analyses point to changes in dynamical drivers, such as the residual circulation (responsible for the meridional transport of ozone into middle and high latitudes) playing a key role in the observed turnaround. The changes in ozone transport are associated with variations in polar chemical ozone loss via heterogeneous ozone chemistry on PSCs (polar stratospheric clouds). Synoptic scale processes as represented by the new equivalent latitude proxy, by conventional tropopause altitude or by 250 hPa geopotential height have also been successfully linked to the recent ozone increases in the lowermost stratosphere. These show significant regional variation with a large impact over Europe and seem to be linked to changes in tropospheric climate patterns such as the North Atlantic Oscillation. Some influence in recent ozone increases was also attributed to the rise in solar cycle number 23. Changes from the late 1970s to the mid 1990s were found in a number of characteristics of the Arctic
Introduction
The possible depletion of the ozone layer was raised in the early 1970s (Crutzen, 1971; Johnston, 1971; Molina and Rowland, 1974; Stolarski and Cicerone, 1974) . In the mid to late 1980s decreasing ozone amounts were observed at polar and middle latitudes (Farman et al., 1985; Rowland et al., 1988) which were related to the release of man-made Ozone Depleting Substances (ODS) such as chlorofluorocarbons and Halons. Meanwhile, in response to the threat of ozone destruction, the Vienna Convention was signed in 1985. The Montreal Protocol which limits the emissions of ODS was signed in 1987 and has subsequently been revised on six occasions. The implementation of the Montreal Protocol, its adjustments and amendments has successfully resulted in reduced global production of ODS (and, with a small delay, emissions) from the end of the 1980s (Fig. 1,  top panel) . In turn, this has led to a more recent decline of the effective stratospheric chlorine loading (EESC) by about 6% since its peak in the late 1990s (Fig. 1, middle panel) . In the Arctic and Antarctic, the turnaround is later (1998) (1999) (2000) and the rate of decrease slower (Newman et al., 2006) . The world's longest total ozone series (Arosa, Switzerland) shows the typical features of ozone in the Northern mid-latitudes ( Fig. 1, bottom panel) . The total ozone decreased from the early 1970s until the mid-1990s. After the record low ozone values in the early 1990s (related to the eruption of Mt. Pinatubo in 1991 (e.g. Harris et al., 1997) ) total ozone at northern mid-latitudes has increased for more than a decade. The decline up to the mid-1990s has been commonly attributed to chemical ozone depletion caused by the increasing concentrations of ODS. Now that the peak in EESC has passed, it is important to know for both scientific and political reasons whether the implementation of the Montreal Protocol is effective in terms of stratospheric ozone. However, the attribution of ozone trends to changes in ODS emission is a difficult task because many factors contribute to ozone variability and trends, in particular at midlatitudes. They include:
-Large volcanic eruptions; -Arctic ozone depletion; -Long-term climate variability; -Changes in the stratospheric circulation; and -Eleven year solar cycle.
Analysing the existing measurement record in order to quantify how the Montreal Protocol and its amendments have affected the ozone layer is thus hard and requires great care. An improved understanding of these factors is needed to provide reliable predictions of stratospheric ozone. In particular, quantification of dynamical influences on stratospheric ozone changes was highlighted as an outstanding issue in ozone research, for which the level of scientific understanding was quoted as medium/medium-low in WMO 2002 (Table 4 .5 in Chipperfield and Randel, 2003) . This uncertainty strongly limits the interpretation of the past evolution of the Ann. Geophys., 26, [1207] [1208] [1209] [1210] [1211] [1212] [1213] [1214] [1215] [1216] [1217] [1218] [1219] [1220] 2008 www.ann-geophys.net/26/1207/2008/ N. R. P. Harris et al.: Ozone trends at northern mid-and high latitudes 1209 ozone layer and limits our confidence in predictions of its future evolution. The EU CANDIDOZ project (Chemical And Dynamical Influences on Decadal Ozone Change) from 2002-2005 addressed these issues. The major objective was to separate and quantify the individual factors contributing to past ozone variability and trends in the Northern Hemisphere. Here we synthesize the main findings of this project with respect to the policy-related questions outlined above. We do not attempt to describe all the work performed during the project which is described in the CANDIDOZ final report (available from fmiarc.fmi.fi/projects/candidoz/) and in published papers, although a brief summary is given in Sect. 2 to show the importance of this "underpinning" work to the main results presented here. Section 3 presents the results most relevant to identifying and understanding of the effect of the Montreal Protocol on the ozone layer and Sect. 4 contains a discussion and summary. For the most part we make reference to the 2002 WMO-UNEP Ozone Assessment, and particularly to the chapter on global ozone (Chipperfield and Randel, 2003) , as that represented the scientific understanding at the start of CANDIDOZ. The 2006 Assessment was written during the preparation of this paper and is only referred to for specific points.
Approach
We adopted a multi-faceted approach with different research groups involved in the:
-production and re-evaluation of ozone data sets; -investigation of long-term stratospheric changes using ERA-40 re-analyses;
-development and use of process-based statistical approaches to describe past ozone changes; -use of atmospheric models.
Ozone data sets
The available knowledge concerning the long-term evolution of the ozone layer comes from ground-based measurements based on the Dobson and Brewer instruments coordinated in the WMO's Global Atmospheric Watch programme and from measurements by satellite instruments. The nearglobal coverage provided by the satellite instruments started in 1979 and complements the longer-term information from the ground-based measurements. The two systems provide essential quality control for each other and so are at most quasi-independent. Constant vigilance is required to assess and improve the quality of the ozone data sets in the light of new knowledge and instrumental understanding.
In CANDIDOZ groups worked on the following topics.
-Re-evaluation of the long-term total ozone series at (i) (Vanicek et al., 2003; Vanicek, 2006 ).
-Re-evaluation of the ESA GOME total ozone record from 1996 to 2003 using ozone measurements produced by the new WFDOAS retrieval algorithm (Weighting Function DOAS) (Coldewey-Egbers et al., 2004 Weber et al., 2005) .
-Re-evaluation of Arctic ozone sonde records from 8 Arctic stations in Europe and Canada (60 • -80 • N) from 1989 to 2003 (Kivi et al., 2007) .
-Comparison between satellite and ground-based total ozone measurements (Vanicek, 2006; Weber et al., 2005) .
-Production of the CANDIDOZ Assimilated Threedimensional Ozone data set (CATO) with complete global coverage and daily resolution from 1979 to 2004 based on the NIWA combined TOMS/GOME/SBUV satellite total ozone measurements and ERA-40 meteorology. CATO is a unique data set with internally consistent fields for the total column and the vertical distribution of ozone (Brunner et al., 2006a) .
Long-term stratospheric changes using ERA-40 reanalyses
The reanalysis of global meteorological data (ERA-40) by the European Centre for Medium Range Weather Forecasts (ECMWF) was completed shortly after CANDIDOZ started (Uppala et al., 2005) . The availability of these reanalyses, with their reasonably high degree of internal consistency, allowed us to investigate dynamic influences on decadal timescales. A particular focus was on the dynamical influences on the Arctic stratosphere (Karpetchko et al., 2005) and the relation between Northern Hemisphere total ozone fields and meteorological patterns such as the North Atlantic Oscillation (Orsolini and Doblas-Reyes, 2003; Orsolini, 2004) . The ERA-40 data were also used to run CTMs for more than 40 years. This period covers a decade of the chemically undisturbed stratosphere, the period of increasing chemical ozone depletion and the last decade in which ozone in northern mid-latitude increased. Long numerical simulations 1210 N. R. P. Harris et al.: Ozone trends at northern mid-and high latitudes have the potential to quantify the importance of the different chemical and dynamical processes affecting the ozone layer. While good technical progress was made in using ERA-40 with a number of CTMs, less progress was made in using models to understand past ozone trends than was originally hoped. Nevertheless long-term simulations with both simplified and full chemical descriptions were made and initial interpretations have been performed (Hadjinicolaou et al., 2005) .
2.3 Process-based statistical approaches to describe past ozone changes
In the standard linear multiple regression approach used in ozone trend analyses (e.g. WMO, 2003) , the measured (monthly mean) ozone values (Y (t)) are modelled using
Here a(t) is a constant, c j are coefficients for terms describing natural variability using explanatory variables, X j (t);autocorrelations in the residuals e(t)are calculated to determine realistic confidence intervals. For the description of trends, b(t),the following options are used:
1. Single linear trend vs. time ("hockey stick"): This approach was commonly used in earlier ozone assessments and the determined trends were usually attributed to anthropogenic ozone depletion. This description is still useful to characterize the long-term changes, but this concept cannot describe the influence of the time evolution of ODS after the middle of the 1990s when EESC started to deviate from the almost linear increase (Fig. 1 ). (N.B. The term "hockey stick" is used because the original analyses of ground-based data which started before 1970 looked for a change in ozone after 1970 compared to the undisturbed (i.e. low EESC) behaviour before 1970.) 2. Two linear trends ("double hockey stick"): The first linear downward trend starts at the beginning of the series (or at the beginning of the 1970s), and an additional linear trend is introduced (starting from the inflection point) to describe the influence of the Montreal Protocol. The second slope term includes information on (i) whether the second linear slope significantly deviates from the first one and (ii) whether the second period shows a significant upward trend. However, this approach is rather empirical and the series to fit the second linear trend is short.
3. The ozone time series can be fitted to EESC instead of the linear trend terms ("EESC model"). This approach is based on a physical quantity and the fit of explanatory variables is based on the entire series. However, the shape of the EESC curve may not be wholly appropriate as chemical ozone loss resulting from ODS does not simply linearly depend on EESC, but also on other factors such as aerosol surface area and PSC existence.
In the first two cases, the trend term represents that part of the ozone tendency which cannot be explained by other (natural) factors, and which is therefore interpreted as being due to anthropogenic activity. In the third case the expected anthropogenic influence lies in the rate of change of the EESC term which, after solving the coefficient of EESC term, directly gives the modeled anthropogenic part of the rate of change of ozone. This type of multiple linear regression has been the most common approach used to determine trends in ozone measurements (Chipperfield and Randel, 2003; Chipperfield and Fioletov, 2007 , and references therein). Up until a few years ago, the underlying assumption was that any longterm change was linear and caused by chemical ozone depletion resulting from the then steadily increasing concentrations of ODS. Two factors have caused a revision in this approach. First, ODS concentrations stopped increasing. Second, the influence of dynamic influences on ozone on decadal timescales became more apparent (e.g. Hood et al., 1997; Steinbrecht et al., 1998) . However, while correlations between ozone and a number of meteorological quantities (such as tropopause height) were statistically significant, it was impossible to link these unambiguously to particular physical processes (Chipperfield and Randel, 2003) .
A real effort has been made to produce process-based indicators of dynamic and chemical influences which can be used in statistical models (as new or additional X j (t) in the above formulation) in order to aid the attribution of past ozone changes. The availability of the ERA-40 analyses was of great benefit as long, internally consistent time series of these dynamic quantities are required for the statistical analyses (Wohltmann et al., 2005) . Three particular proxies were routinely used in the analyses described in the next section.
First, the volume of polar stratospheric clouds (PSC) correlates closely with the accumulated chemical ozone loss in the Arctic vortex in each winter . This quantity shows large interannual variability depending on the specific conditions in the polar vortex each winter. Over the last decades the potential for chemical ozone depletion has changed significantly ( Fig. 1 ) and so the PSC volume was scaled by the EESC in order to investigate the multi-decadal influence of ozone depletion in the Arctic vortex (Kivi et al., 2007) . Such an approach is also used to estimate the influence of polar depletion at mid-latitudes.
Second, total ozone is locally affected by vertical and horizontal displacements (e.g. Hood et al., 1997 , Steinbrecht et al., 1998 Weiss et al., 2001 ), but it has proven hard to develop meaningful proxies which uniquely refer to particular physical processes (Chipperfield and Randel, 2003) . This was an important aim for us, and a new proxy was developed to describe these synoptic scale variations by using an ozone profile climatology in equivalent latitude (horizontal) and isentropic (vertical) coordinates that is fit to total column measurements using the equivalent latitudes and potential temperatures derived daily at each location (Wohltmann et al., 2005 .
Third, the strength of the stratospheric mean meridional circulation, i.e. the relatively slow movement of air from the tropics to higher latitudes, determines how much ozone is present above mid-and high latitudes in each late winter and spring, and so is a strong influence on the interannual variability in ozone (Fusco and Salby, 1999; Randel et al., 2002) and polar ozone chemistry . Time series of the measure of this circulation, the Eliassen-Palm (EP) flux, were calculated from ERA-40 and NCEP data and used in a number of studies.
Finally, a neural network approach was used for trend analysis of seven European stations with long total ozone records. This new technique was to our knowledge not applied in ozone trend analysis before (Metelka et al., 2005) .
What have we learnt about long-term ozone trends?
There are three main issues relating to long term changes in Northern Hemisphere ozone which are of interest to the public and to policy-makers:
-The causes of past ozone changes at northern midlatitudes;
-Long-term changes in the Arctic stratosphere; and -The implications for future ozone.
Here we attempt to synthesise the results from a number of studies performed within CANDIDOZ in the context of all research in this area. The first two issues are addressed in this section, and the implications, including the impact of the Montreal Protocol to date, are discussed in Sect. 4. However, before doing so, the concept of ozone recovery is discussed. The term "recovery" has been used in a number of different ways (Hofmann and Pyle, 1999; Weatherhead et al., 2000; Reinsel et al., 2002) and there is on-going disagreement and/or confusion about what is its most suitable definition, even among specialists. Should it be defined according to halocarbons, ozone or UV radiation? Should it be defined as a return of any or all of these to pre-1980 ozone levels? Should it be defined as a clear reversal of past trends? Or as a clear reduction in the magnitude of past trends? Does it matter what the cause of any change in the trend of ozone or UV radiation is? Should it be linked to the actions taken under the Montreal Protocol? Does it matter that the atmosphere is unlikely to return to its pre-1980 condition? To complicate matters further, recovery (particularly for ozone and UV radiation) may occur in some regions or at some times of year, and not at others. For example, much of the early work on recovery focused on the regions and seasons where the signs of recovery might first be observed, particularly at high altitudes and in polar regions (e.g. Hofmann and Pyle, 1999) .
From a political perspective it makes sense to consider recovery in terms of ozone recovery from anthropogenic influences. In this light, the first stages of recovery, namely reductions in ODS emissions and the subsequent turnaround and decrease in EESC are already in the past. The next stages -the slowing of the ozone decline and the reducing chemical impact of ODS (often called "turnaround") -have been strongly debated. Our scientific understanding tells us that we must be passing through these stages around now, but we need to demonstrate it unequivocally. The final stage, the "full" recovery of ozone, is clearly in the future. The main points of current discussions are what the state of the atmosphere will be in the coming decades and what level of EESC will provide "full" recovery of ozone. The commonly used threshold is 2000 pptv (Cl equivalent), but this is an arbitrary choice which coincides with the start of the modern satellite record and our scientific understanding tells us that ozone depletion must have occurred at lower EESC levels. In the following sections, we concentrate on whether the influence of the reduced ODS emissions can be seen in the observational ozone record. The issue of recovery is discussed in more detail in the 2006 WMO-UNEP Ozone Assessment (WMO, 2007) . The contrasting behaviour of the ozone evolution at mid and high latitudes in the two hemispheres is not considered further here, although it does provide valuable constraints on interpretations of the ozone record, particularly where dynamic factors are concerned (e.g. Krizan and Lastovicka, 2006; Stolarski and Frith, 2006) .
The causes of past ozone changes at northern midlatitudes
The CANDIDOZ ozone trend studies use a variety of measurement data sets and statistical models. However, their results are broadly consistent and the major findings are summarised below. Figure 2 , based on the CANDIDOZ Assimilated Three-dimensional Ozone (CATO -Brunner et al., 2006a, b) , shows the major influences on the total ozone trends over northern mid-latitudes. (Note that the influence of the QBO is not shown here as it affects the short-term variability rather than the longer-term behaviour. Similarly the annual cycle is not discussed.) In the following, we discuss first the well-documented ozone decline, then the recent increase and whether it constitutes recovery resulting from EESC changes, and finally the link between ozone and tropospheric climate patterns.
Ozone evolution prior to mid-1990s
For this period, the CANDIDOZ studies have mainly improved the statistical attribution of the trends to the different causes. The major cause of the ozone decline over northern mid-latitudes (36 • -60 • N) from 1979 to the mid-1990s was (Brunner et al., 2006a, b) . U.Strat is calculated directly from SBUV version 8 profile data above 10 hPa (Bhartia et al., 2004) the increase in EESC (Fig. 2) . The biggest signal found here is the effect assumed to depend linearly on EESC which was responsible for an annually averaged decrease of about 2.5% in the column over this period. Losses in the upper stratosphere (resulting solely from homogeneous chemistry) contributed a further 1% to the column loss, and those related to polar ozone depletion contributed up to a further 2%, though with considerable inter-annual variability. The total maximum effect of ODS (i.e. EESC (L.Strat) + U.Strat + VPSC in Fig. 2 ) was about 5% in 1995, 1996 and 2000, all years with large Arctic ozone losses. In an analysis of Arosa Umkehr data from 1956 -2004 , Zanis et al. (2006 find statistically significant negative ozone trends from 1970 to 1995 in the upper stratosphere (above 32.6 km) throughout the course of the year as well as in the lower stratosphere (below 23.5 km) mainly during winter to spring. The latter are partially attributed to dynamical changes. The overall picture of the trends at northern mid-latitudes is now well-established. The Mt. Pinatubo eruption in 1991 had a significant influence on total ozone over northern mid-latitudes from late 1992 to 1994, and the few years following the Mt. Pinatubo eruption exhibited the lowest ozone values observed over northern mid-latitudes. This effect was larger than that of the El Chichon eruption in 1982. However, these influences are diminished after 1996 and are not relevant to more recent ozone depletion.
The other major natural influence on ozone is the solar cycle. Figure 2 shows the solar cycle to have an effect of ∼1% on ozone as it goes from minimum to maximum. This effect is smaller than found in other studies (see Brunner et al., 2006b , and discussion in Chipperfield and Fioletov, 2007) . This difference is not important in terms of the longer-term ozone depletion, but it is important when considering the ozone increase since the mid-1990s. Interestingly Dhomse et al. (2006; see Fig. 10 ) calculate a slightly smaller solar cycle coefficient when using EESC rather than linear trends. Understanding and quantifying the impact of the solar cycle on stratospheric ozone remains a puzzle.
Dynamical changes seem to have affected ozone trends over Europe more than other parts of the northern midlatitudes (Appenzeller et al., 2000; Staehelin et al., 2001; Chipperfield and Randel, 2003) , and so these were of immediate interest to the EU CANDIDOZ project. Analysis of the long-term total ozone records at 8 European Dobson stations shows that the influence of dynamic processes could account for perhaps 30% of the total trends calculated for the period 1970 (Fig. 3 in Wohltmann et al., 2005 . The regional behaviour is confirmed in the expanded study of 49 stations globally and consistent with the analysis of Orsolini and Doblas-Reyes (2003 -see below) who estimated that this contribution was as high as 70% over southwestern Europe (for 1979-2000) , but more like 30% for the entire European sector. The finding that changing dynamics has been an important influence on ozone trends in the 1980s and 1990s is consistent with the conclusions of WMO 2006, as well as the more recent work of Hudson et al. (2006) who argue that dynamically-induced ozone changes of −35% (1979-1991; less for longer periods) are caused by the northward shift of ozone regimes defined by the sub-tropical and polar fronts.
3.1.2 Ozone evolution since the mid-1990s Figure 2 shows that the trend change in the Northern Hemisphere is primarily related to processes other than the small decrease which has occurred since the EESC peaked in 1997. This conclusion is supported by a number of CAN-DIDOZ and other studies and is also reached in the 2006 WMO/UNEP Ozone Assessment (Chipperfield and Fioletov, 2007) . For example, our more detailed analyses of total ozone measurements by satellites (Dhomse et al., 2006; Brunner et al., 2006b) show that (i) the chemical turn-around in gas-phase chemistry is not the dominant contribution when dynamical processes are properly accounted, and (ii) changes in ozone transport, polar chemistry and the solar cycle are together responsible for nearly all the observed total ozone increases in northern mid-latitudes.
One of the main conclusions of Dhomse et al. (2006) is that increased wave-driving (leading to a faster stratospheric circulation) has caused much of the increase in total ozone over northern mid-latitudes since the mid-1990s. The rising solar cycle after 1996 is also important. Identical goodness of fits are found for the period 1979-2003 whether using monthly linear trend terms or the EESC term underlining that the difficulty in distinguishing the effect of ODS on the ozone record to date. Brunner et al. (2006b) examine this issue further using the approaches put forward by Weatherhead et al. (2000) , Newchurch et al. (2003) and Reinsel et al. (2005) , and they conclude that (a) EESC is a better explanatory variable of recent ozone changes than a single linear trend and (b) it is not the major contributor to the recent increase in ozone as also seen in Fig. 2 .
The conclusions of these statistical analyses of observations are supported by a SLIMCAT modelling study which compared total ozone observations with total ozone for a simulation driven by ERA-40 winds and temperatures, but without chemical ozone depletion from ODS (Fig. 3 , updated from Hadjinicolaou et al., 2005) . The ozone trends at northern mid-latitudes prior to the mid-1990s were found to be ∼30% caused by dynamical changes, leaving ∼70% caused by ODS chemistry. The dynamic influence on the trend during this first period does not seem to be due to a radiative feedback resulting from the chemical ozone loss itself (Braesicke and Pyle, 2003) . Since the mid-1990s effectively all the increase can be explained by dynamic changes. The companion simulation with full chemistry (red line in Fig. 3) shows no evidence for significant chemical recovery due to the turnaround in ODS. These results are consistent with the conclusions of a separate simulation of full chemistry with SLIMCAT (Feng et al., 2006) model simulations (e.g. Chipperfield and Randel, 2003; Weatherhead and Andersen, 2006) which show little anticipated effect of the decreasing EESC to date. Thus both the modeling and the statistical studies conclude that the magnitude of the observed increase in total ozone is too large for it to have been caused by the small decrease in EESC since the mid-1990s.
Different levels in the vertical distribution of ozone are affected to varying degrees by dynamics and chemistry. In the upper stratosphere ozone trends are expected to be less influenced by changes in dynamics and therefore more directly affected by ODS. Newchurch et al. (2003) analysed satellite and ground-based measurements of upper stratospheric ozone and found statistically significant change in ozone trends consistent with a slow-down in upper stratospheric HCl. Zanis et al. (2006) used similar techniques in their analysis of the revised Umkehr record from Arosa and found changes in upper stratospheric ozone trends after 1996. These are not, however, 95% statistically significant after the aerosol correction has been applied to the retrieved data (Fig. 4) . This lack of a significant change in trend during the recent period in the upper stratosphere is regionally coherent with recent results derived from upper stratospheric ozone data recorded by lidars, microwave radiometers and satellite instruments over Europe (Steinbrecht et al., 2006) . Zanis et al. (2006) conclude that it is too early to say whether a "chemical" turnaround in upper stratospheric ozone has occurred although the results are clearly consistent with the decreasing EESC. It is possible that the lack of significance in these results is due to the greater variability inherent in a record (albeit a long one) at a single site as globally upper stratospheric trends do seem to have reversed (Newchurch et al., 2003; Steinbrecht et al., 2006) . In the lower stratosphere, Zanis et al. (2006) found that the year-round trends over Arosa also become positive and, in particular, are more positive during the winter to spring period (Fig. 4) . This change in trend is observed over Canada (Tarasick et al., 2005) and in the entire northern extra-tropical lower stratosphere (Yang et al., 2006; Terao and Logan, 2007) . Yang et al. (2006) found that the half of the increase in total ozone is due to changed dynamics below 18 km, while the timing and magnitude of the observed changes in ozone above 18 km altitude are consistent with the EESC evolution. Their estimate of the contribution from EESC to the change in total ozone is somewhat greater than those made in the various CANDIDOZ studies, but it is hard to know how significant this difference is without a more rigorous comparison of (i) the altitude ranges and time periods considered, and (ii) the details of the statistical models.
The timing of the change in the lower stratosphere ozone trend coincides with a change in the trend in the frequency of laminae occurrence (Krizan and Lastovicka, 2005; Tarasick et al., 2005) . Laminae occur principally at altitudes below 20 km, and changes in their frequency are likely to be caused by changes in lower stratospheric dynamics in the Northern Hemisphere. No such change is observed in the Southern Hemisphere (Krizan and Lastovicka, 2006) .
Links to climate patterns
It has long been recognised that low-frequency tropospheric dynamics contributes to ozone column variability in the Northern Hemisphere, with most early studies focusing on the impact of the North Atlantic Oscillation or the Arctic Oscillation. More recent studies, based on both groundbased ozone time series analysis (Appenzeller et al., 2000; Bronnimann et al., 2000; Hansen and Svenoe, 2005; Steinbrecht et al., 2001; Wohltmann et al., 2007) and TOMS satellite observations (Orsolini and Doblas-Reyes, 2003) have shown that a variety of climate patterns and teleconnections leads to strong regional signatures over the Euro-Atlantic sector. Orsolini and Doblas-Reyes (2003) demonstrated that up to 70% of the local ozone negative trends over Europe in spring were related to changes in four leading climate patterns. Inclusion of these four leading patterns captured the springtime decrease in ozone over Western Europe (defined as 40 • N-60 • N, 15 • W-15 • E) in 1979-1997, and the increase in the late nineties, following the absolute minimum in spring 1997, which was caused by an anomalous EastAtlantic pattern (Fig. 5) . Jrrar et al. (2006) derived the spatial characteristics of Northern Hemisphere total ozone from a SLIMCAT run driven by ERA-15 reanalyses. Use of the corresponding principal components in a trend analysis revealed the importance of the polar night jet and, secondly, the Scandinavian pattern in dynamically driven trends at middle latitudes in winter and spring. In addition, Orsolini (2004) and Bronnimann et al. (2004) showed the remote influence of meteorological phenomena over the North Pacific, such as fluctuations in the Aleutian Low or El-Niño episodes, upon ozone variability in the Euro-Atlantic sector. The former study showed that inter-annual ozone variations between the North Pacific and Northern Europe were associated with an Aleutian-Icelandic seesaw-like variability, and were considerably larger in February than those associated with the Arctic Oscillation. How these findings link to the proposed movement of the sub-tropical and polar jets (Hudson et al., 2006) remains to be seen. For example, the Aleutian-Icelandic seesaw influences strongly the jet streams, and the storm tracks (Honda et al., 2001; Orsolini, 2004) over both oceans, but also has a strong signature on ozone columns over the North Atlantic.
Long-term changes in the Arctic stratosphere
The knowledge about Arctic ozone loss has increased enormously over the last decade or so as a result of several large field measurement campaigns (e.g. Newman et al., 2001 ) and through improved monitoring in the Arctic region particularly with ozonesondes and satellites. Ozone in polar regions can be rapidly destroyed by heterogeneous reactions occurring on polar stratospheric clouds (PSCs). These processes take place in the polar vortex, which forms every winter over the poles and the extent of the ozone loss is determined by a number of chemical and dynamical factors. Today we know that the strong interannual variability of Arctic ozone depletion depends on the following factors:
1. The temperature of the polar vortex and formation (if cold enough) of PSCs; 2. The duration and extent of PSCs each winter; and 3. The longevity of the polar vortex into spring.
The variation in these factors since 1965 is shown Fig. 6a c. The chemical ozone loss has been calculated for nearly every winter since 1991 (Fig. 6d) . A remarkably tight, linear relation is found between the chemical ozone loss and the volume of PSCs present that winter . For each cooling of 1 K, an additional 15 Dobson Units of depletion in the ozone column is anticipated. This effect was three times larger than calculated in atmospheric models at that time : model improvements have since resulted in much better agreement (Newman and Rex, 2007) . Further long term cooling in the Arctic winter stratosphere had resulted in a three-fold increase in PSCs, so that the stratospheric climate conditions had become significantly more favourable for ozone loss since the 1960s, an effect which considerably amplified the influence of the increasing halogen loading of the stratosphere. If these temperature trends continue into the future, Arctic ozone losses would increase until 2010-2015 and decrease only slowly afterwards (Knudsen et al., 2004) . However, the cooling does not appear to be happening in all years -rather a pattern is emerging wherein the cold years get colder, but the warm years are not changing . In other words, the potential for severe losses in the Arctic seems to be increasing, but only in the 20% or so of coldest winters. Decadal variations in the polar vortex have been analysed using ERA-40 reanalysis data from 1957 to 2002 (Karpetchko et al., 2005) . In general, the large interannual variability is the dominant feature, obscuring any long-term changes. However, some features can be distinguished. Rex et al. (2004) ; and (c) vortex break-up dates (updated from Karpetchko et al., 2005) . The interannual variation of ozone loss is shown in the lower two panels: (d) the chemical ozone loss in the vortex estimated from observations of ozone using the vortex average approach ; and (e) the estimated impact on mid-latitude ozone columns in May using the approach of Wohltmann et al. (2007). in size, temperature and duration were found for 1979-2002. Statistically significant increases (95% error probability) were found in vortex duration, vortex size and PSC area in the lower stratosphere for March for 1979-1997 but not for . The lack of an overall trend in PSC existence is consistent with the analysis of Rex et al. (2006) who argue that, while there is no trend in most winters, more PSCs are now formed in the extremely cold winters. Identification of long-term changes in the Arctic winter stratosphere is tricky due to multi-annual climate variability, and a strong dependence on the length of the record being considered is again found in analyses of the re-evaluated Arctic ozonesonde record. Statistically significant decreases in stratospheric ozone occurred over 1989-1997, but not for the period from 1989-2003 as lower stratospheric ozone increased significantly from the mid-1900s (Kivi et al., 2007) . The ozone decreases and increases are strongly correlated with the tropopause height and this dynamical influence is the largest influence on the variance of stratospheric ozone in the Arctic winter/spring (Kivi et al., 2007) . Tropopause variations may not, however, explain the long term changes in ozone in the absence of a trend in tropopause height. Other explanatory variables are then needed (see also Tarasick et al., 2005) . Kivi et al. (2007) also found a significant correlation with the measures for chemical polar ozone depletion (accounting for up to 50% of ozone variability in March) and the strength of the stratospheric circulation. In the Arctic troposphere a statistically significant increase of 12% is observed from 1989 to 2003, with the largest changes in January-April.
The strong correlation between the ozonesonde measurements and tropopause height is probably another manifestation of the influence of the low frequency tropospheric patterns found in total ozone data (Orsolini and Doblas-Reyes, 2003) . These patterns (e.g. the North Atlantic Oscillation) are associated with anomalies in the tropopause height and so contribute significantly to the ozone variability. Again, decadal trends in the occurrence of the NAO and in ozone are found over the first part of record (up to the mid-1990s), but they become insignificant when recent years are included.
Ozone loss in the Arctic vortex can contribute to reduced ozone amounts over mid-latitudes when ozone-depleted air is transported from high to middle latitudes. The magnitude of this has been estimated in several trend studies described in Sect. 3.1 and in modelling studies (Hadjinicolaou and Pyle, 2004) . Figure 6e shows estimates based on the analysis in Wohltmann et al. (2007) , and the interannual variation is clearly a dominant feature (see also Fig. 2) . However, it is hard to develop a reliable process-based indicator which takes into account all the chemical and dynamical factors involved. In CANDIDOZ, this has also been investigated in a series of case studies of individual winters which concluded that dilution can explain 29% of the overall trend over mid-latitudes in total ozone from 1979 (Andersen and Knudsen, 2006 . It should be noted that this fraction depends quite strongly on the period being considered because Arctic ozone loss varies substantially from year to year. For example, Fioletov and Shepherd (2005) estimate a 15% contribution for the period 1979-2003. Within the considerable uncertainties, these estimates are consistent with those found in the statistical studies using a VPSC*EESC proxy.
Discussion and conclusions
The large dynamical influence on decadal changes in ozone over the last 25 years means that any meaningful discussion of recovery has to be carried out with reference to the effects of the Montreal Protocol. While, the importance of dynamical influences on ozone trends has been recognised for some time, the difficulties in quantifying the impact has led to past trends being generally attributed to halogen chemistry with an implicit assumption that any uncertainties resulting from interannual changes in dynamics are adequately represented in the error bars associated with the trend estimates. This assumption holds as long as the underlying dynamical behaviour (and variability) does not change over the period under consideration. However, if changes are occurring on decadal timescales, then this no longer holds true.
The observational record shows unambiguously that total ozone over northern mid-latitudes decreased from 1980 to the mid-1990s. Since then it has increased significantly. Statistical and modeling studies carried out in CANDIDOZ show that the main cause of this change in ozone trends results from changed dynamical behaviour. Unambiguously ascribing part of these decadal ozone changes to a certain dynamical driver is hard because dynamical processes are physically coupled in the atmosphere in a complex way that is hard to represent in simple statistical models (e.g. Mäder et al., 2007) . Further, chemical ozone depletion and dynamical changes are not always independent: the strength of the Brewer-Dobson circulation, for example, is closely connected with polar ozone depletion through its influence on polar vortex temperatures. Separating the effects of EP flux changes from the interannual variability of polar ozone depletion is therefore difficult (Dhomse et al., 2006; Wohltmann et al., 2007) . Further, quantification of the effect of EP flux on total ozone at mid-latitudes depends quite sensitively on the period over which the EP flux is integrated: those studies which integrate over the whole winter, i.e. from October or November (Brunner et al., 2006b; Wohltmann et al., 2007) find smaller changes in EP flux prior to the mid-1990s than those which integrate from January onward Dhomse et al., 2006) .
The amount of halogen in the stratosphere (as measured by EESC) peaked in 1997 and by 2004 had fallen by about 6% as a result of the application of the Montreal Protocol. On current understanding this change is not sufficient to explain all (or even most) of the changed trend in total ozone over the last 10 years. We would expect the chemical ozone trend resulting from changes in EESC to have flattened in the late 1990s, and there is some evidence in the observational record that this has occurred. Similar considerations apply in the Arctic. Here, the ozone loss in any winter is principally determined by the temperature in the Arctic vortex and by how many PSCs form. Superimposed on these large year-to-year variations is the much slower decline in EESC. In the absence of any trend in the physical nature of the vortex, a slow reduction in average Arctic ozone loss would be expected. To date, no trend has been found in characteristics such as vortex strength, size or persistence. However, the cold winters are growing colder and the ozone losses in those years are getting larger. Until the mechanism for this trend is understood, it is impossible to say what the future implications are.
The total ozone column is sensitive to changes in the large-scale stratospheric circulation which is driven by tropospheric forcing. If, as some models suggest, the speed of this circulation increases (Schnadt and Dameris, 2003; Braesicke et al., 2006) , then there will be enhanced ozone columns at mid and high latitudes and reduced chemical ozone loss in the (warmer) Arctic stratosphere. However, predicting the effect of changed tropospheric forcing is not simple, and it causes much of the disagreement between models . A cooler lower stratosphere resulting from increased levels of greenhouse gases could lead to a reduced circulation. Either way, the resulting impact on the ozone column could be several percent and be similar to the changes that have occurred as a result of ODS outside the regions of severe polar loss.
Analyses of past meteorological records show that the tropopause height has increased since the 1950s and that there has been an acceleration since the 1970s. While some of this is related to the decrease in lower stratospheric ozone, much is attributable to the radiative effect of CO 2 and other long-lived greenhouse gases (Santer et al., 2003) . This effect is larger at higher latitudes and is likely to continue as greenhouse gas levels rise. The ozone column is sensitive to tropopause height and a rising tropopause will lead to reduced ozone levels. If the average tropopause height does not change, then to first order regional changes will lead to a redistribution of ozone. If on average the tropopause becomes higher, the stratosphere will be smaller and there will likely be reduced ozone amounts (and higher UV). Regional differences in this behaviour can be expected to continue.
In summary, the Montreal Protocol has already reduced emissions of ODS and caused their atmospheric concentrations to start to fall. CANDIDOZ and other recent studies of ozone trends are starting to show that the Montreal Protocol is starting to have a discernible effect on stratospheric ozone, though more years of measurements and analyses will be required before that can be shown unambiguously from ozone observations. Overall it can be confidently expected that the effects of ODS on ozone and UV will decline over the coming decades. However, changes in stratospheric circulation will continue to have a major impact on ozone and UV in the future, the importance of which will depend on the link between climate change and the stratosphere.
